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Introduction
Since the 2000s, studies have shown that coffee cultivation could be negatively impacted by scenarios of possible climate change. The first of these researches performed in Brazil mainly addressed the loss of area suitable for planting due to the rise of the average global temperature (Assad et al., 2004; Zullo Junior et al., 2006) . Other works published in the country (Ghini et al., 2008) and in other coffee production areas, as Mexico (Gay et al., 2006) , Colombia, and Africa (Jaramillo et al., 2011) , have also focused on other themes, such as the adaptation of coffee to climate change scenarios and the relationship of the species with pests and diseases. Therefore, besides pointing out the loss of traditional cultivation (Assad et al., 2004; Zullo Junior et al., 2006; Zullo Jr. et al., 2011; Ovalle-Rivera et al., 2015; Tavares et al., 2017) and production (Villers et al., 2009) areas, these scientific studies have alerted to the important impact of the incidence of coffee diseases, considering modifications in their pattern, severity (Chakraborty et al., 2000) , intensity (Jaramillo et al., 2011) , cycle, and geographical distribution (Ghini et al., 2011a) .
Among the diseases with great economic importance, coffee leaf rust (Hemileia vastatrix Berk. & Br.) stands out in the worldwide scenario, where the largest epidemics were driven by the combination of economic and meteorological causes (Avelino et al., 2015) . In Brazil, coffee leaf rust is also an important disease (Zambolim, 2016) , particularly in years of high fruit loading (López-Bravo et al., 2012; Zambolim, 2016) . Although apparently already controlled by management practices, coffee leaf rust can still cause losses ranging from 30 to 50% of total production, which may reach up to 90% in large epidemics (Zambolim, 2016; Patrício, 2017) , showing the devastating power of the disease (Avelino et al., 2015) .
Coffee leaf rust epidemics in Brazil have a standard temporal cycle, starting in December, when rainfall and temperature increase (Zambolim, 2016) . The disease can infect coffee plants at temperatures between 12.5 and 32°C (Zambolim, 2016) , and its peak occurs in May and June (Patrício, 2017) . Zambolim (2016) pointed out that the initial amount of coffee leaf rust inoculum depends on the weather conditions in winter, which, if hotter and rainier than the normal climate pattern, result in a greater amount of inoculum at the beginning of the disease cycle in coffee plantations.
The growth rate of the disease (Zambolim, 2016) can be determined based on the number of days from the penetration of coffee leaf rust via stomata on the underside of coffee leaves to the expression of disease symptoms in the plant, known as incubation period (IP) (Patrício, 2017) . Since temperature is one of the main variables of that equation, the IP has been used to estimate the probability of the occurrence of coffee leaf rust in different climate scenarios (Hamada et al., 2006; Ghini et al., 2008; Meira et al., 2009; Hamada et al., 2011) . The shorter the IP, the greater the number of generations of the pathogen and, therefore, the higher the disease growth rate (Patrício, 2017) .
In the literature, there are some ten equations that estimate the IP of coffee leaf rust, developed for different cropping systems and soil and edaphoclimatic conditions. Traditionally, most of the studies on the estimation of the IP of coffee leaf rust in Brazil adopt the equation proposed by Moraes et al. (1976) . However, in scenarios of possible changes in the normal climate pattern, the evaluation of different IP equations is important for a better understanding of the variation in the disease growth rate in different climate patterns.
Changes in coffee leaf rust growth rates related to climate, however, are not simple to determine. Consequently, designing how the disease will behave under climate conditions different from the current one is also not a trivial task. A method widely used, when global climate models were first published and disseminated by Intergovernmental Panel on Climate Change (IPCC), were the climate scenario projections combined with the IP equation by Moraes et al. (1976) , as performed by Hamada et al. (2006 Hamada et al. ( , 2011 and Ghini et al. (2008) . However, with the evolution of the science of climate modelling, it has been found that global models have a very limited spatial scale, varying from 100 to 200 km, and, therefore, do not adequately capture local characteristics (Tavares et al., 2017) , which are highly important for the development of the disease (Seem, 2004) . The downscaling process of global climate models results in regional climate models (RCMs), which present a more refined spatial resolution, being more adequate in the evaluation of the relationships between the disease and the regional environment. However, even with this evolution, it is worth emphasizing that few studies have been performed on coffee leaf rust and regional climate change models in Brazil.
The objective of this work was to simulate the geographical distribution of the incubation period of coffee leaf rust in Coffea arabica, using data of two regional climate models, Eta-HadGEM2-ES and Eta-MIROC5.
Materials and Methods
The study was carried out in states of São Paulo and Minas Gerais, Brazil, which are traditional areas for the cultivation of the Coffea arabica species in the country. São Paulo is located between the 54°00' and 43°30'W longitudes and 25°30' and 19°30'S latitudes, with altitudes ranging between 300 and 900 m. According to Köppen-Geiger's classification, the state comprises five climate groups: Cfa, Aw, Cfb, Af, and Am. Minas Gerais is situated between the 51°30' and 39°30'W longitudes and the 23°00' and 14°00'S latitudes, with 100 to 1,500 m altitude. The prevalent type of climate is Aw, but Cfa, Cfb, Cwa, and Cwb also occur. The region offers favorable climatic conditions for coffee growing, with dry and cold winters, high thermal amplitudes, and hot and humid summers.
The IP of coffee leaf rust was estimated with data from six regression equations, covering full-sun and shaded cultivation systems, described as follows. Equation 1: Y = 90.61 -0.408X 1 -0.440X 2 (Rayner, 1961) , where Y is the number of days to start sporulation in 50% of the lesions; X 1 is the maximum average temperature, in degrees Fahrenheit; and X 2 is the minimum average temperature, also in degrees Fahrenheit. Equation 2: Y = 63.47 -1.526X (Ortolani et al., 1971) , where Y is the IP estimate, in days; and X is the average temperature, in Celsius. Equation 3: Y = 103.01 -0.98X 1 -2.10X 2 (Moraes et al., 1976) , in full-sun and shaded coffee cultivation conditions, where Y is the IP estimate, in days; X 1 is the maximum average temperature, in Celsius; and X 2 is the minimum average temperature, also in Celsius. Equation 4: Y = 93.27 -0.99X 1 -1.51X 2 (Moraes et al., 1976) , in a full-sun cultivation condition, where Y is the IP estimate, in days; X 1 is the maximum average temperature, in Celsius; and X 2 is the minimum average temperature, also in Celsius. Equation 5: Y = 113.92 -1.02X 1 -2.69X 2 (Moraes et al., 1976) , in a shaded cultivation condition, where Y is the IP estimate, in days; X 1 is the maximum average temperature, in Celsius; and X 2 is the minimum average temperature, also in Celsius. Equation 6: Y = 00.894 -0.088X 1 -4.084X 2 (Kushalappa & Martins, 1980) , for macroclimate conditions, where Y is the IP estimate, in days; X 1 is the maximum temperature, in Celsius; and X 2 is the minimum temperature, also in Celsius.
Maps were generated for two chronological time periods: "current" scenario, climate normal of the models from 1961 to 1990; and "future" scenario, climate normal of the models from 2011 to 2040.
Two regional climate models were used to generate these maps: Eta-HadGEM2-ES and Eta-MIROC5. These models are downscaling versions, respectively, of the Hadley Centre Global Environment Model version 2 (HadGEM2), developed by Met Office Hadley Centre of the United Kingdom, and the Model for Interdisciplinary Research on Climate version 5 (MIROC 5), developed by Center for Climate Systems Research at University of Tokyo and National Institute for Environmental Studies at Japan Agency for Marine-Earth Science and Technology. The global models were detailed using the Eta Regional Climate Model (Chou et al., 2014) .
To characterize the current and future scenarios, according to the projections of Global Climate Models, a high emission condition was adopted, i.e., the pessimistic scenario with representative concentration pathway (RCP) 8.5 W m -2 , which is closer to the current CO 2 emission conditions Raupach et al., 2014) . The RCP 8.5 scenario predicts that the terrestrial system will store 8.5 W m -2 emissions, with an increase in terrestrial temperature ranging from 2.6 to 4.8ºC.
Maximum, minimum, and average temperature variables were used for the generation of the IPs and spatialization of the current and future data from Eta-HadGEM2-ES and Eta-MIROC5. All the data from these models were made available by Instituto Nacional de Pesquisas Espaciais.
The output temperature data from the evaluated models were spatialized and interpolated by the inverse method of the distance square. Then, IP maps were generated for each month of the year for the current and future scenarios using Equations 1 to 6.
The potential for coffee leaf rust infection is commonly assessed by the model proposed by Wallis (1970) , which considers three degrees of disease Pesq. agropec. bras., Brasília, v.54, e00273, 2019 DOI: 10.1590/S1678-3921.pab2019.v54.00273 severity according to IP. However, for a more detailed evaluation of the climate variations predicted by the different models in the different scenarios, the present study proposed a new scale of degree of severity, in which the classes originally proposed by Wallis (1970) were subdivided, totalizing six new ones (Table 1) .
For each generated map, graphs were also elaborated considering the percentage of the study area in each of the disease severity classes, which allowed evaluating differences between equations.
To analyze the data generated by each equation, in each model and scenario, the data were initially separated by equation, model, chronological time (current and future scenarios), severity class, month, number of points in each class, and percentage of area. Then, graphs were generated, allowing the temporal analysis.
The IP equations were studied jointly in order to analyze the behavior of the degree of coffee leaf rust severity in the future scenarios of the Eta-HadGEM2-ES and Eta-MIROC5 models.
Results and Discussion
Equations 1 and 2 show similarities between rust severity classes in the evaluated models ( Figure 1 ). In Eta-HadGEM2-ES, both equations indicate that 39% of the affected area is in the high severity class and 58.5-59.0% in the medium one. The very high, low, very low, and null classes represent less than 2% of the total area. In Eta-MIROC5, the medium class was more prominent, with approximately 87% of the study area affected according to both equations. The other severity classes totaled less than 10% of the area. Equations 3, 4, and 5 present a larger area in the medium and low classes. Summing both of these classes, Equation 3 covers 74.3% of the total area; Equation 4, 63.5%; and Equation 5, 84.6%. The amount of area in the very low severity class was 10%, in alignment with the equations of Moraes et al. (1976) . Only Equations 3 and 4 show data in the null severity class. Equation 4, compared with Equations 3 and 5, presents a 3.5% area in the very high class, for which the other equations showed no data (Figure 1 A) .
For Eta-MIROC5, the three equations by Moraes et al. (1976) did not present areas with an IP shorter than 29 days, suggesting medium to null severity in the study area. Equations 4 and 5 show a similar area in the low and very low classes, but Equation 4 presents a larger amount of area in the null class. Equation 5 has the highest amount of area of 57% in the low class; with the sum of the low and very low classes, the equation presents 85.7% of the total area in this IP range (Figure 1 B) .
In Eta-HadGEM2-ES, Equation 6 has the largest area in the most severe classes of coffee leaf rust: 45.8% with an IP between 0-19 days and 32.9% in the high severity class (Figure 1 A) . In Eta-MIROC5, Equation  6 shows the largest area reached by the medium and low severity classes (Figure 1 B) .
According to Alfonsi (2017) , Eta-HadGEM2-ES overestimates the temperature of the study area, while Eta-MIROC5 underestimates it. In a hotter climate condition, in Eta-HadGEM2-ES, the equation of Kushalappa & Martins (1980) indicates a greater coffee leaf rust severity in relation to the other ones. However, Equation 5 seems to show a lower severity of the disease, probably because it was elaborated for shaded-coffee crops. In this condition, the temperature in the cultivation microclimate tends to be lower because of the shade of trees, indicating a lower severity of the disease when estimated by IP, for which temperature is the base element.
Equations 1 and 2 have the same time pattern (Figure 2 A, B , C, and D). It is possible to observe that, in the current scenario, the IP is shorter in the initial (January to June) and final (September to December) months of the year, indicating a higher degree of severity. The months with the shortest IP correspond to the hottest and rainiest season in the study area, with a greater severity in Eta-HadGEM2-ES (Figure 2 A and C), compared with Eta-MIROC5 (Figure 2 B and D). In the Eta-HadGEM2-ES current scenario, only November shows a small area of 0.11% in the high severity class, with an IP between 0-19 days; with the exception of June and July, all months of the year have an IP shorter than 29 days. The future scenarios of both models increase the degree of severity and extend the short IPs throughout the months of the year. In the Eta-HadGEM2-ES future scenario (Figure 2 A and C) , the hottest and rainiest months of the year (January, February, March, October, November, and December) increase, on average, 10.6% of the area in the very high class, and, in Eta-MIROC5, November is the month with the most pronounced increase, covering 19.7% of the area (Figure 2 B and D) .
Eta-MIROC5 predicts a lower severity, and its equations do not estimate IPs shorter than 19 days in any month of the year. Except for June and July, all months show an IP between 20-29 days, indicating an increase in the degree of severity and in the duration time of coffee leaf rust. From January to April and from August to December, the future scenario tends to be more severe than the current one, with approximately 17% more area with an IP between 20 and 29 days. October is the month that, for both equations, has a pronounced 32% increase in the area with an IP between 20 and 29 days (Figure 2 B and D) .
The temporal behavior of Equation 3 is shown under macroclimate conditions, in Eta-HadGEM2-ES (Figure 2 E) and Eta-MIROC5 (Figure 2 F) . For Eta-HadGEM2-ES, the very high and high classes occur at a higher intensity in the hottest and rainiest seasons, i.e., in the initial (January to April) and final (September to December) months of the year. In this model, in the current scenario, November is presents 4% of the total study area in the very high severity class. As verified for Equations 1 and 2, the estimate obtained by Equation 3 increases the degree of severity in the future scenario, increasing the amount of total affected area to 17.7%, on average, for an IP shorter than 19 days and extending severity to months that had not previously registered a short IP. November is the month with the largest increase of 26.14% in the total area with an IP of 0-19 days. When analyzing the high severity class, with an IP between 20-29 days, April is the month that shows the largest area increase of 40.7% in the future scenario.
In Eta-MIROC5, Equation 3 does not present an area with an IP shorter than 29 days, indicating medium Pesq. agropec. bras., Brasília, v.54, e00273, 2019 DOI: 10.1590/S1678-3921.pab2019.v54.00273 For Equation 1 , Y is the number of days to start sporulation in 50% of the lesions; X 1 is the maximum average temperature, in degrees Fahrenheit; and X 2 is the minimum average temperature, also in degrees Fahrenheit. For Equation 2, Y is the IP estimate, in days; and X is the average temperature, in Celsius. For Equations 3 to 6, under different cultivation conditions, Y is the IP estimate, in days; X 1 is the maximum average temperature, in Celsius; and X 2 is the minimum average temperature, also in Celsius.
Pesq. agropec. bras., Brasília, v.54, e00273, 2019 DOI: 10.1590/S1678-3921.pab2019.v54.00273 to low coffee leaf rust severity throughout the year. However, even with an IP longer than 29 days, it is still possible to identify the standard curve of greater severity in the hottest and rainiest months of the year, when compared with the coolest and driest months (Figure 2 E and F) . Equations 4 and 5 follow the same pattern of temporal behavior of Equation 3, in both models (Figure 2 G, H, and J) . However, Equation 4 tends to be more rigorous as to the degree of severity; in the Eta-HadGEM2-ES future scenario, this equation tends to show a larger area in the very high class, that is, with an IP shorter than 19 days (Figure 2 G and H) . In the general average of all months, the area with a high degree of severity tends to increase by 21% using Equation 4 and by 3.22% using Equation 5. In Equation 4, December and January are the months with the largest area with an IP shorter than 19 days, and there is an average increase of 37.4% in the study area. In Equation 5, the largest increase in the total area is of 11.8% in November, followed by 10.4% in December (Figure 2 G, H, I, and J) .
In both scenarios, the equations of Eta-MIROC5 do not show degrees of severity below an IP of 29 days, following the general pattern, where low to null severity classes are observed in the coldest and driest months of the year (Figure 2 G, H, I, and J) .
For Eta-HadGEM2-ES, Equation 6 shows the highest degree of severity throughout the months (Figure 2 K) . January to May and August to December present, on average, 49.7% of the total study area with an IP shorter than 19 days, which is an indicative of a very high severity of the disease. In the future scenario, there is tendency for an increase of 33.8% in the total area in the high severity class, and severity is extended to all months of the year. The increase in the study area ranges from 40% for July to 93% for November and January; i.e., the area with an IP shorter than 19 days increases more than 90% in November, December, January, February, and March (Figure 2 K) . For Eta-MIROC5, the disease tends to be less severe over the months, but is also extended in relation to the current scenario (Figure 2 L) .
The seasonal increase in the intensity and severity of the disease, which extends to months when it was not recorded, is important for preventive measures for the management and control of coffee leaf rust. In future scenarios of climate change, in situations where temperature tends to be higher than the current one, studies on management strategies and alternatives for the control of the disease will be necessary.
The scenarios based on the two regional climate models evaluated pointed to changes in the potential for occurrence of coffee leaf rust (Figure 3 ). There was a change in the behavior of the severity classes in the Eta-HadGEM2-ES and Eta-MIROC5 models, comparing current and future scenarios with the set of six equations used (Figure 4) . It is possible to verify that Eta-HadGEM2-ES increases the area in the very high and high classes in a larger proportion than Eta-MIROC5. In the future scenario, the total study area in the very high severity class and with an IP shorter than 19 days tends to increase in 14.2% by Eta-HadGEM2-ES, but in less than 0.5% by Eta-MIROC5. In this same scenario, the high severity class, with an IP between 20 and 29 days, increases in 13.4% when predicted by Eta-HadGEM2-ES, while the other severity classes (medium, low, very low, and null) show a reduction of 10.9, 11.8, 4.5, and 0.04%, respectively (Table 2) . Therefore, for the future scenario of high greenhouse gas emissions obtained by Eta-HadGEM2-ES, the sum of the very high and high classes can increase in 27.58% the total study area, indicating a higher probability of the occurrence of coffee leaf rust in the states of São Paulo and Minas Gerais.
Similar results were found by Ghini et al. (2011b) when predicting the effects of climate change on coffee leaf rust, using three global climate models -CSIRO-Mk3.0, INM-CM3.0, and MIROC3.2.medres -, based on the fourth report of IPCC (Solomon et al., 2007) . The authors compared the climate normal data from 1961-1990 with future data from the 2020's, 2050's, and 2080's, concluding that there was a tendency of a decrease in the IP and of an increase in the degree of coffee leaf rust severity. Hamada et al. (2015) , using 15 global climate models, also concluded that there is a tendency of increase in coffee leaf rust over the years in the Southeastern region of Brazil.
In the Eta-MIROC5 future scenario, the high severity class increases the most, 6.8% compared with the total study area. The medium and low severity classes increase in 3.8 and 0.07%, respectively. However, the very low and null classes tend to decrease in 6.8 and 3.8%, respectively (Table 2 ). These results suggest that Eta-MIROC5 estimates a longer IP for the future scenario, indicating a lower probability of higher levels Pesq. agropec. bras., Brasília, v.54, e00273, 2019 DOI: 10.1590/S1678-3921.pab2019.v54.00273 Figure 3 . Incubation period of coffee leaf rust (Hemileia vastatrix) in Arabica coffee (Coffea arabica), in the states of Minas Gerais and São Paulo, Brazil, according to equations 1 to 6, for current and future climate scenarios from 1961-1990 and 2011-2040, respectively, in 1 , Y is the number of days to start sporulation in 50% of the lesions; X 1 is the maximum average temperature, in degrees Fahrenheit; and X 2 is the minimum average temperature, also in degrees Fahrenheit. For Equation 2, Y is the IP estimate, in days; and X is the average temperature, in Celsius. For Equations 3 to 6, under different cultivation conditions, Y is the IP estimate, in days; X 1 is the maximum average temperature, in Celsius; and X 2 is the minimum average temperature, also in Celsius.
Pesq. agropec. bras., Brasília, v.54, e00273, 2019 DOI: 10.1590/S1678-3921.pab2019.v54.00273 of severity of coffee leaf rust, which is in alignment with Hamada et al. (2011) . When studying diseases on vine using global models from the fourth report of IPCC (Solomon et al., 2007) , these authors concluded that, in the future scenario, there is the probability of a reduction in the favorable area for vine diseases. 1 , Y is the number of days to start sporulation in 50% of the lesions; X 1 is the maximum average temperature, in degrees Fahrenheit; and X 2 is the minimum average temperature, also in degrees Fahrenheit. For Equation 2, Y is the IP estimate, in days; and X is the average temperature, in Celsius. For Equations 3 to 6, under different cultivation conditions, Y is the IP estimate, in days; X 1 is the maximum average temperature, in Celsius; and X 2 is the minimum average temperature, also in Celsius.
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Conclusions
1. The future scenarios predicted by the Eta-HadGEM2-ES and Eta-MIROC5 regional models project an increase of 0.5 to 14.2%, respectively, in coffee leaf rust in Arabica coffee (Coffea arabica) in the states of São Paulo and Minas Gerais, Brazil, with incubation periods of less than 19 days, that is, a very high severity of the disease.
2. The Eta-HadGEM2-ES model shows a greater expansion potential of the very high coffee leaf rust severity class with an incubation period equal to or shorter than 19 days, in most of the states of São Paulo and Minas Gerais.
3. There is a tendency of a seasonal increase in the incubation period, i.e., months that presented low severity classes for incubation periods above 40 days will show higher severity classes for incubation periods below 40 days, increasing the probability of more severe coffee leaf rust epidemics.
4. Temporal variability follows the dynamics of the infection potential, also decreasing in winter months and increasing in the rainiest and hottest months of the year.
5. In the scenarios predicted by Eta-HadGEM2-ES and Eta-MIROC5, the equation of Kushalappa & Martins shows the highest decrease in the incubation period and the highest potential for rust severity.
